The evolution of cis regulatory elements (enhancers) of developmentally regulated genes plays a large role in the evolution of animal morphology. However, the mutational path of enhancer evolution-the number, origin, effect, and order of mutations that alter enhancer function-has not been elucidated. Here, we localized a suite of substitutions in a modular enhancer of the ebony locus responsible for adaptive melanism in a Ugandan Drosophila population. We show that at least five mutations with varied effects arose recently from a combination of standing variation and new mutations and combined to create an allele of large phenotypic effect. We underscore how enhancers are distinct macromolecular entities, subject to fundamentally different, and generally more relaxed, functional constraints relative to protein sequences.
T hree major challenges for understanding the genetic and molecular bases of morphological evolution are to identify loci underlying trait divergence, to pinpoint functional changes within these loci, and to trace the origin of functional variation in populations. The evolution of animal morphological diversity is generally associated with changes in the spatial expression of genes that govern development (1, 2) . The divergence of particular morphological traits has been linked to changes in specific enhancers of individual loci (3) (4) (5) (6) (7) (8) (9) . Mutations in individual, modular enhancers are thought to circumvent the potentially pleiotropic effects of mutations in coding sequences of genes that participate in many developmental processes (10) (11) (12) .
Nonetheless, there is relatively little detailed knowledge of how enhancer sequences evolve, of the genetic path of enhancer evolution. In most instances, functional mutations have not been identified, so their individual effects and origins have not been traced. In contrast, the evolutionary paths of several proteins have been traced and revealed that many trajectories, including reversals, are not allowed because of structural constraints (13) (14) (15) . To decipher the mode and tempo of regulatory sequence evolution, we must determine the following: How many mutations are involved in enhancer divergence? What effects do individual mutations have? And, what is the relative contribution of standing variation and new mutations to enhancer evolution?
To identify enhancers that have recently evolved, we have traced the recent evolution of adaptive pigmentation within African populations of Drosophila melanogaster. We elucidate a specific set of regulatory mutations that underlie changes in gene expression and pigmentation and reconstruct the path of enhancer evolution.
Adaptive melanism in a Drosophila population. Across Africa, a strong correlation exists between elevation and the degree of abdominal pigmentation in D. melanogaster populations (16) . This correlation is not explained by population structure, indicating that dark pigmentation is a derived adaptation to high altitude or a correlating selective pressure. Previous study of a dark population from Uganda (16) uncovered a partial selective sweep at the ebony locus, where the darkest third chromosome lines ( Fig. 1) share a 14-kilobase haplotype block of nearly identical sequence extending over the noncoding region of the ebony locus ( fig. S1 ). ebony encodes a pleiotropic, multifunctional enzyme in the biogenic amine synthesis pathway (17) that functions in a variety of processes. In the adult cuticle, expression of ebony is required in regions that will generate a yellow shade (18) , and its absence causes a dark, melanic cuticular phenotype.
The partial sweep at the ebony locus and its association with dark pigmentation is evidence that genetic variation at ebony contributes to the melanic phenotype (16) . To test this association directly, we undertook a series of transgenic complementation experiments with use of ebony transgenes from light (U62) and dark (U76) extraction lines. In an ebony null mutant background, we found that the pigmentation phenotypes of animals bearing the light (U62) and dark (U76) transgenes differed by about 10 pigmentation units (figs. S2A and S3). This is similar to the magnitude of pigmentation difference between the U76 and U62 extraction lines ( fig.  S2A ). Furthermore, in the genetic background of the dark U76 line, we found that a single copy of the light (U62) transgene was sufficient to fully complement the melanic abdominal phenotype ( fig. S2B ). These results suggest that variation at ebony can account for much of the phenotypic variation between extraction lines.
In addition, on the basis of the identification below of haplotypes containing causative mutations, we used a standard analysis of variance approach to estimate the contribution of these haplotypes to phenotypic differences. We found that variation at ebony accounts for up to 83% of the total phenotypic variation [supporting online material (SOM) text]. These results confirm that ebony is the major locus responsible for the dark phenotype of the Ugandan extraction lines.
Noncoding variation at ebony causes abdominal melanism. The association between variation at ebony and melanic pigmentation could be due to divergence in the regulation of ebony expression and/or protein function. However, among the light and dark transgenes tested, the dark allele contained no derived coding differences relative to the species consensus (fig. S4), and only one derived difference existed in the light U62 line (P46T), suggesting that causative changes lie outside the coding region. To test whether a transcriptional regulatory difference may be responsible for the dark pheno- Each abdomen is derived from an extraction line bearing a homozygous third chromosome from a Ugandan population sample. The name of each line designates the percent darkness of the A4 abdominal tergite. ebony AFA is a null mutation.
on December 17, 2009 www.sciencemag.org type, ebony mRNA expression in newly eclosed adults was visualized by in situ hybridization (Fig. 2) . There was a marked reduction (58 to 83%) in ebony mRNA expression in darker lines ( Fig. 2 and table S1 ). The association of the dark phenotype and haplotype with decreased ebony mRNA suggests that cis regulatory sequence mutations have accumulated that reduce ebony expression.
To localize regions of the ebony locus responsible for the dark phenotype, we tested the activity of chimeric ebony transgenes in which the upstream regulatory region of each allele was fused to the downstream first exon and coding region of the other allele. The light/dark construct performed nearly as well as the light construct in complementing the abdominal phenotype of an ebony null mutant (Fig. 3, C and G) , whereas the reciprocal dark/light transgene yielded a phenotype similar to that of the complete dark allele construct (Fig. 3, D and G) . The phenotypes of the chimeric transgenes indicate that the functional differences between the light and dark alleles largely reside in the 5′ noncoding region of the locus, presumably within enhancers.
Regulatory divergence at ebony is restricted to a modular enhancer. To identify enhancers within the ebony regulatory region (figs. S5 and S6), we fused fragments of noncoding DNA to a green fluorescent protein (GFP) reporter gene and monitored reporter expression in adult tissues. We identified an array of modular enhancers with activities in many tissues that exhibit ebony mutant phenotypes or that express the gene (Fig. 4A and fig. S5 ). One enhancer active in the developing abdomen (and thorax) was localized to a 0.7-kb fragment located 3.6 kb upstream of the ebony promoter ("abd" in Fig.  4A ). The abdominal element drove reporter expression in a broader domain than that of the native ebony expression pattern, including the posterior regions of each tergite ( fig. S6H ) and the male A5 and A6 segments (fig. S6, E and F). However, the extension of reporter constructs to include promoter-proximal and intronic sequences resulted in a precise recapitulation of the endogenous ebony expression pattern ( fig. S6 , N and T).
Regulatory mutations are suggested to minimize pleiotropic effects relative to coding mutations because of the modular organization of cis regulatory regions (10) (11) (12) . However, the modularity of enhancers has not yet been tested with naturally occurring mutations in a comprehensively defined regulatory region. To examine whether regulatory mutations in one module impact the function of adjacent modules, we generated GFP reporter constructs bearing the upstream region fused to the first introns from both light (U53) and dark (U76) alleles and measured reporter protein activity in various tissues (Fig. 4  and fig. S7 ). In the developing head (Fig. 4 , B and C), legs (Fig. 4 , D and E), larval brain (Fig. 4 , F and G), wing (Fig. 4, H and I ), and haltere (Fig.  4 , J and K), both light and dark regulatory regions displayed similar amounts of activity ( fig. S7V ). However, in the abdomen, we observed a pronounced 83% reduction in activity of the dark allele regulatory region relative to that of the light allele (17 T 3%) (Fig. 4, L and M, and fig. S7V ). This decrease is very similar in magnitude to the reduction in ebony mRNA expression in the dark lines (Fig. 2) . Thus, mutations in the dark line regulatory region affect gene expression with a high degree of spatial specificity and provide direct evidence that the modular architecture of cis regulatory regions minimizes the pleiotropic effects of functional mutations.
Multiple functional mutations underlie ebony enhancer evolution. To identify the position, number, kind, and size of effects of functionally relevant mutations within the ebony abdominal enhancer, we compared dark U76 and light U62 alleles because these represent the two extremes of ebony expression. Between the U76 and the U62 alleles, there are~120 nucleotide differences scattered over the 2.4-kb abdominal enhancer [44 point mutations and 76 base pairs (bp) differing because of 10 insertions or deletions (indels)] that could potentially contribute to the observed difference in activity. To localize functional differences, we first created chimeric reporter constructs with groups of mutations and then narrowed these to individual changes that contribute to the activity of chimeric constructs. Our analysis below suggests that a minimum of five mutations differentiate the activities of dark and light lines, two of which are specific to the dark haplotype.
We focused on a 2.4-kb region that contained the 0.7-kb core abdominal element ("abd" in Fig.  4A ) and recapitulated the difference in RNA expression between dark (U76) and light (U62) lines, such that the dark allele construct expressed 22% of the reporter activity of the light allele construct ( fig. S8 , B and C). We subdivided the 2.4-kb region into three subregions (X, Y, and Z, Fig. 5A ) and systematically substituted individual fragments from the light allele into the dark allele construct. Of the three subregions tested, the Z fragment showed the strongest effect ( fig.  S8D ), increasing reporter activity from 22% to 67% of the activity of the light allele. Moreover, in the reciprocal construct, swapping in the Z fragment was sufficient to decrease activity of the light allele from 100% to 46% activity ( fig. S8E) .
Several previously identified candidate mutations were only observed on the dark haplotype, the majority of which (five out of eight) map to the 2.4-kb regulatory region ( fig. S8A , red bars labeled "Dark Specific Substitutions"). Replacement of all five substitutions in the dark allele construct with the nucleotides present in the light allele increased reporter activity to 70% of that of the light allele construct, demonstrating that they include functionally important mutations ( fig. S8F ). The Z fragment contains four of the five dark-specific mutations within the 2.4-kb element ( fig. S8A ), so we reverted the individual dark-specific substitutions of the dark allele construct. Dark-specific substitutions 2 and 3 showed no effect on the level of reporter expression (table S2), whereas substitution 4 showed a small effect on expression, raising activity from 22% to 35% (fig. S8G ). Substitution 5, however, caused a dramatic increase to 64% of the light allele activity ( fig. S8H) . Therefore, at least two novel substitutions in the Z fragment have contributed to the divergence of the dark and light haplotypes, with substitution 5 providing the largest effect.
To account for the remaining~50% difference in activity, we turned to the X and Y fragments. No contribution of the X fragment (which contained dark-specific substitution 1) was observed when the light allele X fragment was swapped into the dark allele construct ( fig.  S8I) . However, the chimeric construct bearing the Y fragment from the light line increased activity from 22% to 47% ( fig. S8J ), demonstrating that one or more functional mutations exist in the Y fragment. The Y fragment encompasses the core abdominal activity, the smallest span of DNA sufficient to drive strong reporter expression in the abdomen (figs. S6 and S8A). Comparison of the isolated Y fragment activities of the light and dark alleles also revealed much weaker activity of the dark allele Y fragment construct (25% relative to light) ( fig. S9 , B and C).
In order to pinpoint causative mutations within the Y fragment, we assayed a series of Y fragment GFP reporter constructs. Twenty-five point mutations and four indels (encompassing 42 bp) exist between the light U62 and dark U76 alleles Y fragment sequences. The major contribution to expression differences (81%) mapped to the 5′ half of the Y fragment ( fig. S9 , D and E), which allowed us to narrow the 67 candidate nucleotides down to the eight point mutations that differ in this region of the Y fragment (Fig.  5B ). Of these eight candidates, three were eliminated because they were found in other strongly expressing Y fragments. We reverted each of the five remaining candidate substitutions individually from the dark allele to that present in the light allele. Mutations at positions 27 and 32 increased dark allele Y fragment activity from a 25% baseline to 54% and 50%, respectively, of the light allele Y fragment activity ( fig. S9, F and G) . The third substitution at position 137 had a more dramatic effect on the Y fragment activity, raising expression to 80% of light Y fragment expression ( fig. S9H ) (note that the sum of effects exceeds 100%, so individual effects are not strictly additive). These results suggest that at least three substitutions within the Y fragment contributed to the overall reduction of abdominal enhancer activity.
The five mutations that functionally differentiate the dark and the light haplotypes cause a decrease in the activity of the dark allele enhancer. The mutation with the greatest effect arose at a considerable distance (270 bp) from the core element. If this mutation is in an activator binding site, we would expect that this sequence would lie in the core element. Alternatively, the mutation may represent a repressor binding site. Indeed, when we deleted this site and the five adjacent nucleotides 5′ and 3′ to it, the enhancer drove a dramatic increase in reporter expression, from 22% to 106% of the light haplotype activities ( fig. S8L ). The greater effect of deleting these sites relative to reverting the nucleotide raised the possibility that these sites serve a function in the light allele. When we engineered the identical deletion into the light haplotype, reporter activity also increased ( fig. S8M , 170% of light haplotype), indicating that this sequence is required to repress enhancer activity and that the substitution in the dark haplotype further repressed ebony expression.
Together, these data show that multiple mutations (at least five), with varying effects (accounting for 8% to 40% of the overall difference in activity) and representing different kinds of functional change (reduced activation strength, increased repression), underlie the evolution of the ebony abdominal enhancer.
Adaptive evolution via standing variation and new mutations. The observation that darkspecific substitutions accounted for a subset of the causative mutations raised the possibility that the path of ebony enhancer evolution involved both new mutations (the shared dark-specific substitutions) and standing variation (Fig. 5B) . To assess the potential origins of the five substitutions, we examined the enhancer sequences of lines obtained from various regions in Africa (Fig. 5C ).
The three causative substitutions located in the Y fragment occurred at high frequency in both light lines of the Ugandan population and in the light Kenyan population sample ( Fig. 5B ) and are also found in very distant African populations (Fig. 5C) . Two of the substitutions were observed in all five populations sampled. The third Y fragment substitution was found in four of the five populations. These results demonstrate widespread standing genetic variation at the relevant sites in the Y fragment of the ebony abdominal enhancer.
The dark-specific substitutions were not observed in any other lines from Kenya or Uganda. Among 67 endemic fly lines from five African regions examined in our survey, the only other location where dark-specific mutations (numbers 4 and 5) occurred was in nearby Rwanda and was associated with the dark haplotype (Fig. 5C ). The absence of these substitutions in isolation across the ancestral range of D. melanogaster indicates that they either arose de novo or were rare variants present in the population when the dark haplotype was selected.
The existence of both common polymorphisms and rare substitutions contributing functional changes to ebony expression raised the potential scenario that the relevant haplotype of standing variation in the Y fragment was assembled before dark-specific substitutions appeared and adaptive selection resulted in their high frequency. To test this scenario and to place these functional changes on a relative time scale, we took note of a Ugandan line (U65) that exhibited intermediate pigmentation ( Fig. 1 ), ebony expression (Fig. 2 , K and L), and abdominal enhancer activity ( fig. S8K ). Of all the nonmelanic lines examined, the Y fragment of U65 was most similar to the dark haplotype Y fragment, harboring all three functionally relevant Y fragment mutations (Fig. 5B ) and sharing a~1-kb region of sequence similarity with the dark line haplotype.
Within the 0.9-kb tract of polymorphisms shared between U65 and the dark strain haplotype, four mutations have arisen that differentiate the two, allowing us to estimate that they shared a common ancestor about 395,000 generations ago (SOM text). In contrast, the dark haplotype has accumulated just three substitutions across 14 kb among four lines, suggesting that these four alleles last shared a common ancestor only about 9000 generations ago. The 95% confidence intervals for these estimates do not overlap, which allows us to infer that the Y fragment haplotype existed long before the darkspecific substitutions arose ( fig. S10 ). Hence, we have resolved two steps in the evolution of this adaptation: the assembly of functional standing variation followed by the recent addition of beneficial dark-specific substitutions that resulted in the full decrease of ebony expression, caused pronounced abdominal melanism, and which were swept to high frequency ( fig. S11) .
The genetic path of enhancer evolution.
We have shown that the adaptive evolution of melanism in a Ugandan population ofD. melanogaster occurred through multiple, stepwise substitutions in one enhancer of the ebony locus. We suggest that this genetic path of enhancer evolution with multiple substitutions of varying effect sizes, which originate from both standing variation and new mutations and combine to create an allele of large effect, may be a general feature of enhancer evolution in populations. This view is consistent with studies that have demonstrated that substitutions at multiple sites within enhancers are responsible for evolutionary changes in gene expression (6, 7, (19) (20) (21) (22) .
The pattern of multiple substitutions in enhancers also makes sense in light of their functional organization. Enhancers contain numerous transcription factor binding sites that are broadly distributed across a few hundred base pairs or more, all of which contribute to overall transcriptional output. Variation in enhancer output can and does arise from modifications at any of a large number of sites, and functional standing variation in enhancers is abundant in populations (23, 24) .
Enhancers and proteins are very distinct macromolecular entities, and it is useful to consider the potentially different constraints operating on enhancers and proteins that might affect their evolutionary trajectories. At least five constraints limit variation within proteins and restrict the path of protein evolution. The first constraint is pleiotropy. Coding mutations in pleiotropic genes will generally affect all functions, which will most likely be deleterious. The second constraint is the triplet genetic code that cannot accommodate most indels. Third, proteins must fold properly, and most random amino acid replacements are destabilizing and deleterious (25, 26) . Fourth, Fig. 4 . The divergence in ebony activity is confined to a modular enhancer. Localization of ebony regulatory sequences in a GFP reporter assay; the difference in activity between light and dark alleles is restricted to the abdomen. (A) Map of ebony locus displaying the location of enhancers mapped through reporter assays. Black bars denote regions required for activity, whereas gray areas delineate the area in which enhancer boundaries lie. br indicates bristles; male rep, male repression; halt, haltere; stripe, abdominal tergite stripe repression; brain, third instar larval brain; hooks, larval mouth hooks; and spir, because of demands on protein structure, the order in which specific amino acid replacements may occur is typically constrained (13, 14) , thus reducing the number of genetic paths adaptation may take. And lastly, many proteins often have a single active site or one or a few binding domains, such that changes at only a very limited number of positions may directly alter properties of these sites.
In contrast, more relaxed constraints appear to operate on evolving regulatory elements. The evolution of individual, modular enhancers circumvents the pleiotropic effects of coding mutations, and our results illustrate precisely why this is the case. Obviously, there is no triplet code, so a greater range of mutational events can be accommodated. Furthermore, enhancers are not constrained by three-dimensional structure; consequently, the order in which substitutions may occur would appear to be much less constrained. Indeed, we found many combinations of functionally relevant polymorphisms in our survey of ebony haplotypes. 
Estimates of allele divergence times
We infer that the dark-specific substitutions, which generated pronounced melanic pigmentation by reducing ebony expression in the abdomen, achieved this phenotypic change only by occurring on a specific allelic background with respect to the adjacent core abdominal element. Outside of the melanic lines, this core element allele is most closely represented in the current data set by U65, and it appears to have persisted as standing genetic variation. Unlike the haplotypes of the darkest four lines, which share nearly identical sequences across >14kb (suggesting positive selection;(1)), the shared sequence between U65 and the melanic alleles spans less than 1kb (which is more typical of the scale of haplotype sharing at selectively neutral loci in this population;(2)).
Furthermore, an analysis of allelic divergence times (see Methods below)
indicates that U65-like core element alleles existed prior to the adaptive event that elevated the melanic mutations and its extended haplotype to high frequency. The Based on the non-overlapping confidence intervals obtained above, we infer that the U65 abdominal element allele did not evolve from the melanic alleles via recombination, because this scenario would not allow enough time for the mutations that differentiate U65 and the melanic alleles to occur. Instead, it appears that a class of abdominal element haplotypes similar to that of U65 and the melanic alleles was present before positive selection acted on the dark mutations' haplotype. Combining this inference with the observation that the melanic mutations' phenotypic impacts are dependent upon linked variation at the adjacent abdominal core element, it appears that the melanic mutations needed to occur (via de novo mutation or recombination) on a specific haplotype in order to have a strong effect on pigmentation. In terms of gene expression, we suggest that the melanic mutation of largest effect represents an increase of repression, but has only a minor effect unless combined with a weakened version of the core abdominal element.
Materials and Methods

Fly Stocks
The third chromosome extraction lines used in the study were described in (1). Briefly, individuals from isofemale lines were crossed through a series of balancers such that their X chromosome was of cosmopolitan origin, and their third chromosome was a homozygous chromosome from the isofemale line. While second chromosomes may have mixed origins in these lines, the second chromosome was found to have no effect on pigmentation in this population (1) . 
Adult abdominal phenotypes
Adult cuticular images were collected on a Olympus SZX16 Zoom Stereo
Microscope equipped with an Olympus DP71 microscope digital camera. Flies were imaged at 8-25 days post-eclosion, and not exposed to CO2 to avoid tanning effects. We found very little difference in pigmentation score between younger flies (8days, "extraction lines" in fig S2A) and older flies (20-25 days, "extraction lines" in fig. S2B ).
To measure the mean darkness of F2 progeny, extraction lines, and transgenic complementation lines, images were converted to grayscale in Photoshop, and with the freehand selection tool, the anterior portion of each tergite was selected to obtain the grayscale darkness value that lies on a 0-255 scale. Percent-darkness was calculated as : Photoshop by setting the image to grayscale, and selecting the anterior two thirds of the tergite corresponding to a region that normally expresses ebony (i.e. Fig 2F) . From this selection, intensity was scored on a scale from 0 to 255. Background intensity of the unstained abdominal tissue was calculated by measuring the posterior one third of each tergite (a region that doesn't express noticeable levels of ebony post-eclosion), and subtracting this value from the intensity of the anterior tergite measurement.
Reporter constructs and transgenic fly production
GFP reporters were constructed in the vector pS3AG as previously described (5).
Sequences were curated in the GenePalette software package (6) . Primers used to dissect the ebony regulatory region are shown in Table S4 . All constructs were cloned into pS3AG using Asc I and Sbf I restriction sites. Segments of DNA from within the regulatory region were amplified from the lab strain Canton S. For the test of modularity experiments, the intron of ebony was placed downstream of GFP using an adjacent Spe I site. For Spe I insertions, the native orientation of the intron was maintained. All mutations and chimeras were generated by overlap extension of the existing 2.4 kb abdominal CRE and 0.7 kb core element constructs, with the exception of core mutations 27 and 32, which were introduced by modifying the core element forward primer.
Primers used for generating mutant constructs are shown in Table S5 .
Site-specific integration of transgenes was accomplished by injection of embryos containing a chromosomal source of !C31 integrase with a suitable landing site on the 
Rescue Constructs
Constructs containing the entire ebony locus were amplified using the low-error polymerase phusion (NEB) in two steps. Fragment 1 was amplified (5'-TTCCGggcgcgccTTCACTCACTCTCCCACTGACTCCCA-3', 5'-TTGCCcctgcaggCCTGCTCTTAMAGCCSCTGCAATTAC-3'), and inserted into pS3AG
using Asc I and Sbf I sites included in the primers (lowercase letters). Fragment 2 was amplified (5'-TTCCGggcgcgccTGCCAATTAGTGAGTGAGGGGACG-3', 5'-TTCCgcggccgcGCTGCAACTGGTTTGTGCGTATATGG-3'), and cloned into pGEMT-Easy (Promega). To merge the two fragments, a convenient Acc65 I site located just upstream of the promoter was used (* in Fig 4A) . The Fragment-1-pS3aG vector was cut with Acc65 I and Not I, yielding an acceptor plasmid that lacked GFP. Fragment-2 was cut out of pGEMT-Easy with Acc65 I and Not I (lowercase sequences included in the Fragment 2 primers), and was ligated into the Fragment 1-pS3aG vector. These cloning steps were carried out in parallel for both U62 and U76 ebony loci. Chimeric constructs were made by switching fragments at the Acc65 I/Not I ligation steps.
Constructs were then intergrated into the 51D landing site on the second chromosome using the same !C31 integrase system as the reporter constructs.
Transgenic lines, each bearing a rescue construct on the second chromosome (51D landing site) were crossed through a series of balancers to generate transgenic flies homozygous for the ebony null allele e AFA . Two independent lines of each construct were measured, and their data merged, as described in "Adult Abdominal Phenotypes".
Similarly, transgenes were crossed through balancers to third chromosome extraction lines to generate transgenic flies homozygous for an extraction line.
To test the ability of light and dark rescue transgenes to complement the phenotype of the third chromosome extraction lines, a series of balancer crosses were 
Measurement of relative fluorescent intensity
Relative fluorescent activities of GFP reporters were determined as previously To measure the modular effects of the different alleles on different tissues, abdomens were imaged at 24 hours post-eclosion (to avoid pupal expression as well as expression from internal organs). Wings were imaged shortly after eclosion, after wings had expanded. Head, legs, halteres , and bristles were measured 14-16 hours after eclosion. Larval structures (brain, mouth hooks, spiracles) were fixed for 15 min in PBS containing 4% paraformaldehyde before mounting and imaging in a glycerol mounting solution. For each tissue (except the wing), a region in the specimen that lacked nuclear GFP was measured in order to subtract background fluorescence.
Calculation of allelic divergence times
Allelic divergence times were estimated according to the method of Slatkin and
Hudson (1991). Estimates were obtained for (a) the divergence time of the darkest four alleles, and (b) the divergence time between the core abdominal element alleles of U65 and the lineage represented by the darkest four alleles. In the case of (a), this analysis involves the assumption of a star phylogeny, which is considered valid in the case of positive selection, and is also supported by the lack of any mutations shared by just two of the four alleles. We consider case (b) to be an analysis of two lineages -U65 and the melanic lineage -because there are no mutational differences among the melanic alleles within this region.
Divergence time can be estimated according to the formula:
Confidence intervals on these estimates were obtained by treating the number of mutations as the observation from a Poisson process. The confidence interval for the expected number of mutations can then be obtained using standard ! 2 distributions (9), and this confidence interval for the expected number of mutations can be converted into a confidence interval for divergence time by using the formula shown above.
We used an estimate of 5.8 x 10 9 mutations per bp, per generation (10), and so our estimate of T is given in terms of generations (rather than years). This estimate is based on mutation-accumulation lines, and may thus include mutations that would not persist even at low frequency in nature. However, using a lower mutation rate would simply rescale our results by a constant factor, and since our analysis focuses on the comparison of two estimates, this should not be a relevant concern.
For the analysis of U65 and the melanic lineage, there were several sites which clearly showed a window of common ancestry between these lineages without intervening recombination events, based on mutations shared only by these five sequences. In order to include the maximum number of shared sites (yielding a conservatively lower estimate of divergence time), this window was extended until it reached sites showing clear evidence of recombination. These were sites in which U65 and the melanic lines had different alleles, and each of these alleles were present in other sequenced individuals, implying that the U65 and the melanic sequences were no longer closest relatives at these sites. A slight complication involved the apparent gene conversion event involving U78 in the upstream portion of this region. However, the boundaries of this gene conversion tract were easily identifiable, and its effects were clearly separable from the mutational history of the melanic lineage.
In an expanded sample of sequence variation among 67 sub-Saharan chromosomes, no extended haplotype identity was observed involving U65-like alleles.
However, a short stretch of sequence identity was observed between the melanic/U65
abdominal element haplotype and a single allele from Eritrea, extending over just the 3' Table S3 . Primers used to create GFP reporter constructs. 
Construct
